Introduction {#S0001}
============

Drug delivery systems (DDSs), specifically nanoparticles (NPs), have recently emerged as an important advancement in cancer therapy.[@CIT0001]--[@CIT0003] They have the potential to increase the efficacy of the chemotherapeutic agents by preferentially accumulating in tumor tissue due to the structurally irregular, leaky or disorganized tumor vasculature endothelium when compared to normal tissue.[@CIT0001],[@CIT0004]--[@CIT0006] In addition, because of their nanometer size, the NPs can be assimilated by cells more efficiently than larger microparticles.[@CIT0007]--[@CIT0009] As a result, undesirable adverse side effects of the anticancer drugs can be significantly reduced.

In recent decades, there has been a considerable interest in developing biodegradable, specifically polymer-based NPs as effective drug carriers to perform the sustained release of therapeutic agents to the specific target sites.[@CIT0010]--[@CIT0012] One of the most widely investigated DDSs is prepared from amphiphilic block copolymers,[@CIT0013]--[@CIT0016] which can spontaneously self-assemble into polymeric micelles consisting of a hydrophobic inner core and a hydrophilic outer shell in aqueous environments.[@CIT0013],[@CIT0017]--[@CIT0019] A hydrophobic drug can be encapsulated in the hydrophobic core of the micelles,[@CIT0020],[@CIT0021] while the hydrophilic shell can significantly reduce phagocytosis and renal clearance, resulting in a prolonged circulation time.[@CIT0022],[@CIT0023] Among the amphiphilic block copolymers used in pharmaceutical research, Pluronic^®^, a tri-block copolymer composed of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), has shown great promise in delivery applications because of its low toxicity in the body and the ability to encapsulate any hydrophobic agents.[@CIT0016],[@CIT0024]--[@CIT0028] However, the major problems with utilizing pluronic micelles are their instability and the fast drug release profile[@CIT0029] To overcome these limitations, grafting pluronic with another biocompatible polymer, for example chitosan, is suggested.[@CIT0030]--[@CIT0034] Furthermore, the functional group of the copolymer can be modified to attach targeting moieties to the surface of the NPs for an increase in the cellular uptake of the NPs.[@CIT0030],[@CIT0031],[@CIT0034]

Active targeting techniques have been employed by applying ligands, such as antibodies, growth factors, transferrin, cytokines, folate and low-density lipoprotein,[@CIT0035],[@CIT0036] to NPs to be bound specifically to receptors on the cell surface.[@CIT0037],[@CIT0038] This ligand--receptor interaction induces the receptor-mediated endocytosis resulting in the internalization of the NPs and the drug release inside the target cells[@CIT0018]. In breast cancer, human epidermal growth factor receptor 2 (HER2, or c-erbB-2) is one of the most attractive targeted receptors, as it plays an important role in the pathogenesis and progression of breast cancer.[@CIT0039]--[@CIT0041] The expression of this receptor is markedly increased in breast cancer patients, while its expression is much less in normal adult tissue.[@CIT0042],[@CIT0043] At present, a monoclonal antibody against the HER2 receptor (anti-HER2) has been approved by the US Food and Drug Administration (FDA) for the treatment of HER2-positive breast cancer[@CIT0044] Several clinical studies have shown that the combination of anti-HER2 and a conventional chemotherapeutic agent has led to an improved therapeutic outcome of the patients.[@CIT0041],[@CIT0045] Therefore, anti-HER2 would serve as a promising targeting ligand for a DDS.

In this study, we describe the synthesis and characterization of OCP NPs conjugated with anti-HER2 for the targeted doxorubicin (DOX) delivery to HER2-expressing breast cancer cells. O-succinyl chitosan, a water-soluble chitosan derivative, was chosen to be grafted with pluronic because of its water solubility and functional group, which permits conjugation with other molecules[@CIT0046] The graft copolymer was then self-assembled to form core-shell structure NPs while encapsulating DOX at the particles' core. The physical properties of these particles, such as CMC, encapsulation efficiency, conjugation efficiency, particle size and in vitro release profiles, were evaluated. The study of the in vitro anticancer effects of the NPs against the MCF-7 cells, the breast cancer cell model, was carried out to determine the targeting effectiveness of these particles.

Material and methods {#S0002}
====================

Materials {#S0002-S2001}
---------

Chitosan (molecular weight cut-off (MWCO) \<50,000; degree of deacetylation, 90%) was purchased from Seafresh Chitosan Laboratory (Bangkok, Thailand). Pluronic^®^ F127 (Poloxamer 407) was acquired from BASF (Lampertheim, Germany), and ethanol 99.7--100% was bought from BDH (East Yorkshire, UK). OX hydrochloride, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), pyridine, phthalic anhydride, acetone, sodium acetate, succinic anhydride, ethyl ether, and 1,4-Dioxane were procured from Sigma-Aldrich (St Louis, MO, USA). Sodium dodecyl sulfate was purchased from Promega Corporation (Fitchburg, WI, USA). DMEM, PBS, trypsin-EDTA, FBS, Trypan Blue, Vybant MTT cell proliferation kit, and anti-HER2, were obtained from Invitrogen (Waltham, MA, USA). Dimethyl sulfoxide (DMSO) was bought from Amresco (Cleveland, OH, USA). Triethylamine, dimethylformamide (DMF), and Hydrazine monohydrate were acquired from Carlo ERBA (Val-de-Reuil, France). Succinic anhydride was obtained from Fluka (Munich, Germany). Micro BCATM Protein Assay Kit was purchased from Thermo Scientific (Waltham, MA, USA).

Preparation of O-succinyl chitosan pluronic copolymer (OCP) {#S0002-S2002}
-----------------------------------------------------------

O-succinyl chitosan was synthesized following the procedure previously described by Zhang et al.[@CIT0046] Briefly, chitosan was added to phthalic anhydride in DMF to form phthalimide chitosan before adding succinic anhydride and pyridine to yield O-succinyl chitosan. O-succinyl chitosan then reacted with hydrazine monohydrate in distilled water. After the reaction, the suspension was filtered, and the precipitate was dried in a vacuum using a rotary evaporator. The residue was dissolved in water, dialyzed (MWCO 10,000) against distilled water for 4 days, and then lyophilized.

Pluronic F-127 was carboxylated with succinic anhydride to form monocarboxy pluronic[@CIT0031] After that, monocarboxy pluronic (10.31 g) was coupled with 5% (0.57 g) and 10% (1.14 g) of O-succinyl chitosan using EDC (0.15 g)/NHS (0.10 g) at room temperature for 24 hrs. The solvent evaporation was carried out in a vacuum dryer overnight and in a desiccator for 7 days. Afterward, the product was dialyzed against distilled water using a membrane (molecular weight cut-off: 20,000) for 3 days and finally lyophilized.

Characterization of the graft copolymer {#S0002-S2003}
---------------------------------------

The functional groups of this copolymer were characterized using Fourier-transform infrared spectroscopy (FTIR) (Bruker, Vertex 70, Billerica, MA, USA) and 1H-NMR (Bruker, AVANCE 300, Billerica, MA, USA). The samples were milled, mixed with KBr, and then pressed into a thin layer before undertaking an FTIR analysis. For the 1H-NMR characterization, the samples were dissolved in DMSO-d6 and D2O.

Determination of the critical micelle concentrations (CMCs) {#S0002-S2004}
-----------------------------------------------------------

The CMCs of pluronic and the graft copolymer were determined using the dye solubilization method[@CIT0047] The hydrophobic fluorescence probe, 1,6-diphenyl-1,3,5-hexatriene (DPH), was dissolved in 0.6 mM of methanol. Twenty microliters of the dye solution was mixed with 2.0 mL of pluronic and the copolymer in an aqueous solution to yield the dye concentrations ranging from 1×10^--5^ to 5% wt and gently stirred overnight at room temperature in the dark. The ﬂuorescence of DPH in each sample was obtained by a microplate reader (TECAN Model InfiniteM200, Mannedorf, Switzerland), using an excitation wavelength of 360 nm and an emission wavelength of 460 nm. The CMCs of pluronic and the copolymer were obtained by plotting the ﬁrst inﬂection point in the DPH ﬂuorescence intensity versus the natural logarithm (ln) of the copolymer concentration[@CIT0048]

Preparation and characterization of the copolymer NPs and DOX-encapsulated nanoparticles (DOX-NPs) {#S0002-S2005}
--------------------------------------------------------------------------------------------------

To form the NPs, the solution containing 7% (w/v) of OCP copolymer in deionized water was stirred at 250 rpm for 12 hrs. The concentrations of the copolymer NPs used in this study were 7% (w/v), which was between its CMC and critical gel concentration. The formation of the DOX-NPs could be achieved by adding 5 to 25 µg/mL of the DOX concentrations to the copolymer solution while stirring at 250 rpm for 12 hrs in the dark. The NPs and DOX-NPs were separated by centrifugation at 25°C at 6,000 rpm for 2 hrs and then lyophilized. The particle sizes were examined by photon correlation spectroscopy (Nanosizer, Malvern Instruments, Malvern, UK).

Establishment of a calibration curve for DOX {#S0002-S2006}
--------------------------------------------

A solution of DOX in PBS was diluted to concentrations between 0.01 and 50 μg/mL to generate a standard curve. The fluorescence intensities of different concentrations of DOX solutions were measured at an excitation wavelength of 485 nm and an emission wavelength of 590 nm. The calibration curve between DOX concentrations and fluorescence intensities was linear over the concentration range between 0.025 and 5 μg/mL with a correlation coefficient (R^2^) \>0.99 ([Figure S1](#SF0001)). The limit of detection (LOD) and the limit of quantitation were found to be 0.03 μg/mL and 0.11 μg/mL, respectively, according to International Conference on Harmonization (ICH) of Technical Requirements for the Registration of Pharmaceuticals for Human Use, Validation of Analytical Procedures.

Drug encapsulation efficiency {#S0002-S2007}
-----------------------------

The encapsulation efficiencies of DOX were calculated from the disappearance of DOX from its original solution. The remaining free DOX in the supernatant was measured using a fluorescence spectrophotometer (TECAN Model InfiniteM200) at an excitation wavelength of 485 nm and an emission wavelength of 590 nm. The concentration of DOX was calculated using the calibration curve in [Figure S1](#SF0001). The DOX encapsulation efficiency was determined, as shown in [Equation (1)](#M0001). $$\documentclass[12pt]{minimal}
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Preparation and characterization of the anti-HER2-conjugated nanoparticles (anti-HER2-NPs) {#S0002-S2008}
------------------------------------------------------------------------------------------

Twenty-five µg/mL of anti-HER2 and 0.5 mg/mL of EDC and NHS were added to 5 mg/mL of NPs in PBS at pH 7.4 and incubated for 20 mins at room temperature with gentle stirring. After the conjugation reaction, the anti-HER2-NPs were separated from the free anti-HER2 in the solution by centrifugation at 6,000 rpm for 2 hrs and then washed with PBS buffer and lyophilized. The conjugation efficiency on the surface of the NPs was evaluated using a Micro BCATM Protein Assay Kit. The protein concentration was determined by mixing supernatant with bicinchoninic acid at a ratio of 1:1 and incubated for 2 hrs at 37°C. Then, the protein concentration was measured using a UV/VIS spectrophotometer at 562 nm. The conjugation efficiency was calculated using [Equation (2)](#M0002). $$\documentclass[12pt]{minimal}
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Evaluation of the in vitro DOX dissolution {#S0002-S2009}
------------------------------------------

An in vitro dissolution study was conducted at 37°C in the dark under a sink condition in which the amount of DOX was \<10% of its solubility. 5 mg/mL of DOX-NPs and anti-HER2-conjugated nanoparticles containing DOX (anti-HER2-DOX-NPs) were dispersed in 1 mL PBS (receiving media) at pH 7.4 (using the initial DOX concentration of 5 µg/mL and anti-HER2 concentration of 25 µg/mL). At specific time points, the solutions containing DOX-NPs and anti-HER2-DOX-NPs were centrifuged to separate the NPs from the receiving media, and 0.1 mL of the supernatant was withdrawn. The receiving medium was replenished by adding 0.1 mL of fresh PBS to the test samples containing the NPs. The drug concentration was determined by a fluorescence spectrophotometer at an excitation wavelength of 485 nm and an emission wavelength of 590 nm. The cumulative DOX released was determined, as shown in [Equation (3)](#M0003). $$\documentclass[12pt]{minimal}
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Cell culture {#S0002-S2010}
------------

Human breast cancer cells (MCF-7) and an African green monkey kidney cell line (Vero) were obtained from the National Center for Genetic Engineering and Biotechnology (BIOTEC) (Bangkok, Thailand). The MCF-7 cells were used as a cancer cell model, while the Vero cells were used as a control cell line, which represented a normal healthy cell type. The MCF-7 and Vero cell lines were maintained in DMEM medium supplemented with 10% (v/v) of FBS, 100 units/mL of penicillin, and 100 µg/mL of streptomycin in a humidified atmosphere containing 5% of CO~2~ at 37°C.

Intracellular localization of the DOX-NP formulations {#S0002-S2011}
-----------------------------------------------------

To observe the cellular localization of the NPs, the MCF-7 cells previously seeded on glass coverslips were incubated with various NP formulations. These included free DOX, DOX-NPs, and anti-HER2-DOX-NPs in DMEM supplemented with 10% of FBS to obtain the final equivalent DOX concentration of 0.5 µg/mL. This study was carried out at 4°C and 37°C. After the specific time points, the treated cells were washed twice with PBS to remove any remaining free DOX or NPs and ﬁxed with 10% of paraformaldehyde. The accumulation of the free DOX or NP formations in the MCF-7 was detected using a laser scanning confocal microscope (Nikon Modular Confocal Microscope System C1, Tokyo, Japan). Fluorescence observation was carried out at 488 nm laser excitation.

In vitro cytotoxicity against breast cancer cell lines (MCF-7) and normal cell line (Vero) {#S0002-S2012}
------------------------------------------------------------------------------------------

The cytotoxicity of the free DOX, blank NPs, blank anti-HER2-NPs, DOX-NPs and anti-HER2-DOX-NPs against the MCF-7 cells and Vero cells was investigated using the MTT assay. Brieﬂy, the cells were seeded in 96-well plates at a density of 5.0×10^3^ cells/mL before being exposed to various concentrations of the free DOX, and nanoparticle samples were added. After 72 hrs of incubation, the spent medium was discarded and replaced with the MTT assay solution following the standard procedure (Molecular Probes, V-13,154, Eugene, OR, USA). The absorbance of formazan was measured at 570 nm (Infinite^®^ 200 Tecan, Austria). The cell viability was presented as a percentage of the control cells not exposed to the NPs, as shown in [Equation (4)](#M0004). $$\documentclass[12pt]{minimal}
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Statistical analysis {#S0002-S2013}
--------------------

All experiments were performed at least in triplicate within two independent experiments. The data were reported as a mean ± SD. An unpaired *t*-test was used for data analyses in the encapsulation efficiency, conjugation efficiency, particle size, and cytotoxicity studies. A paired *t*-test was used for a statistical analysis of the in vitro DOX release data. A statistically significant difference was defined at a confidence level of 95%.

Results and discussion {#S0003}
======================

Preparation of the OCP copolymer {#S0003-S2001}
--------------------------------

Chitosan reacted with phthalic anhydride to form phthalimide chitosan, an intermediate of the reaction. The phthaloyl protection group was necessary since an amine group has a stronger nucleophilicity than a hydroxyl group. The O-succinylation of the chitosan was then carried out using succinic anhydride, and the protection group was later removed from the derivatives. Prior to the synthesis of the graft copolymer, pluronic was carboxylated with succinic anhydride to produce monocarboxy pluronic, followed by the reaction with EDC and NSH to form activated pluronic. Afterward, the activated pluronic was grafted onto the O-succinyl chitosan backbone through the reaction between the amino groups of the O-succinyl chitosan and the carboxyl groups of the pluronic[@CIT0049] The synthesis scheme of the OCP copolymer is presented in [Figure 1](#F0001){ref-type="fig"}. The O-succinyl group of the chitosan was confirmed using ^1^H-NMR \[refer to [Figure S2](#SF0002)\], while the amide bond of the graft copolymer between the O-succinyl chitosan and pluronic was characterized by FTIR as previously reported[@CIT0049] and shown in [Figure S3](#SF0003).Figure 1Synthesis of the O-succinyl chitosan-pluronic copolymer using EDC/NHS.**Abbreviations:** EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride; NHS, N-hydroxysuccinimide; DMF, dimethylformamide; DMAP, 4-dimethylaminopyridine; TEA, Triethylamine.

CMC {#S0003-S2002}
---

To examine the formation of micelles with a core-shell NP structure, a fluorescence depolarization study was performed using DPH as a fluorescence probe. In an aqueous solution, DPH exhibits a very weak fluorescence while displaying a strong fluorescence in hydrophobic environments[@CIT0050] The DPH probe normally becomes solubilized in the hydrophobic core of micelles giving rise to a drastic increase in its fluorescence signal.[@CIT0047],[@CIT0048]

The CMCs of the pluronic, 5% of the OCP and 10% of the OCP at 25°C were found to be 0.18%, 0.39% and 0.69% (w/v), respectively ([Figure 2](#F0002){ref-type="fig"}). Clearly, grafting O-succinyl chitosan onto pluronic resulted in a higher CMC. More importantly, more O-succinyl chitosan content in the graft copolymer yielded a copolymer with a higher CMC. Previous studies have shown that micelle formation is driven by the hydrophobic part of amphiphiles. Polymers with a larger hydrophobic domain form micelles at lower concentrations leading to a lower CMC.[@CIT0047],[@CIT0051] In contrast, the micelle formation becomes more difficult with an increase in the hydrophilic molecules. The three polymers used in this study had the same hydrophobic segment (PPO), but varied hydrophilic segments (PEO and O-succinyl chitosan). Adding more O-succinyl chitosan to the graft copolymer resulted in an increase in the hydrophilic portion, thus lowering the ratio between the hydrophobic to hydrophilic portions. By decreasing the ratio between the hydrophobic and hydrophilic portions, the micelle formation was more difficult resulting in a higher CMC, as shown in [Figure 2](#F0002){ref-type="fig"}.Figure 2Effect of the polymer concentrations on the fluorescence intensity of the DPH in the aqueous solutions of (**A**) pluronic, (**B**) 5% O-succinyl chitosan-pluronic and (**C**) 10% O-succinyl chitosan-pluronic, (**D**) the CMCs of pluronic, 5% O-succinyl chitosan-pluronic, and 10% O-succinyl chitosan-pluronic (n=3).**Abbreviations:** CMC, critical micelle concentrations; DPH, 1,6-diphenyl-1,3,5-hexatriene; C, concentration.

Formation of the anti-HER2-conjugated OCP NPs containing DOX (anti-HER2-DOX-NPs) {#S0003-S2003}
--------------------------------------------------------------------------------

In an aqueous solution, OCP copolymer self-assembled into core-shell NPs at the concentration above its CMC forming the hydrophobic inner core of PPO and the hydrophilic outer shell of PEO-O-succinyl chitosan. DOX, a hydrophobic anticancer drug, is, therefore, physically encapsulated into the hydrophobic core of the NPs during the self-assembly method.[@CIT0021],[@CIT0052] Afterward, the O-succinyl chitosan group on the outer shell forms the covalent complex through amidation with the primary amines of the anti-HER2 to yield the targeting ligand, which can specifically bind to the HER2 receptors on human breast cancer cells (refer to [Scheme 1](#SCH0001)). According to our previous work, the concentration of the graft copolymer (5%, 7% and 10% w/v, respectively) had a minimal effect on the average size of the particle, the encapsulation efficiency, the DOX released and the in vitro cytotoxicity[@CIT0049] Therefore, only the 5% and 10% OCP NPs at the concentration of 7% w/v were selected for further study.Scheme 1Preparation scheme of the anti-HER2-conjugated O-succinyl chitosan pluronic nanoparticles containing DOX (anti-HER2-DOX-NPs).**Abbreviations:** PEO, polyethylene oxide; PPO, polypropylene oxide; HER2, human epidermal growth factor receptor 2; DOX, doxorubicin.

Encapsulation efficiency (%EE) {#S0003-S2004}
------------------------------

In this experiment, 5 to 25 µg of DOX was loaded into 5% and 10% OCP NPs. As shown in [Table 1](#T0001){ref-type="table"}, the initial DOX concentration had an effect on the %EE, indicating that not all of the nominal DOX added was encapsulated into the particles. The %EE decreased as the initial DOX loading increased, which was consistent with the previous work.[@CIT0053],[@CIT0054] Interestingly, the amount of encapsulated DOX increased until the initial DOX concentration reached 20 µg/mL and then remained constant, indicating the saturation solubility point of DOX at the hydrophobic core of the NPs. In addition, the difference in the DOX encapsulation efficiencies between 5% and 10% OCP copolymer NPs was not statistically significant (*P*\>0.05) because the hydrophobic parts of both formulations remained unchanged. Therefore, the NP ability to encapsulate a hydrophobic drug was not affected. Thus, 5 µg/mL of DOX was selected for further study because it showed the highest encapsulation efficiency and was, therefore, a more economical option.Table 1The encapsulation efficiencies of the O-succinyl chitosan pluronic NPsInitial DOX concentration\
(µg/mL)% of the O-succinyl chitosan in the copolymer5%10%5%10%Encapsulation efficiency (%)Amount of DOX (µg)574.40±1.6073.69±0.533.72±0.083.68±0.031056.64±0.6156.99±1.055.66±0.065.70±0.112039.11±1.1136.96±3.167.80±0.227.40±0.632529.10±0.5827.76±2.917.28±0.146.94±0.725[^1]

Preparation of the anti-HER2-conjugated OCP copolymer NPs {#S0003-S2005}
---------------------------------------------------------

To functionalize NPs, after the formation and DOX encapsulation, the carboxyl groups of the OCP NP were preactivated by EDC and NHS and reacted with the terminal amine group (-NH~2~) of the anti-HER2 fragment (anti-HER2) to create a targeting moiety on the nanoparticles. As shown in [Table 2](#T0002){ref-type="table"}, the conjugation efficiencies of anti-HER2 on the NP surfaces were relatively high, ranging from 57% to 61%. Interestingly, there was no statistically significant difference in the conjugation efficiencies between anti-HER2-DOX-NPs and anti-HER2-NPs (*P*\>0.05), which indicated that the loaded DOX did not interfere with the conjugation process of the anti-HER2. In addition, the conjugation efficiency of the anti-HER2 to the 10% OCP NPs was slightly higher than that of the 5% OCP NPs (*P*\<0.05) due to a higher number of available carboxyl groups (--COOH) of the O-succinyl chitosan to conjugate with the amine (-NH~2~) groups of anti-HER2.Table 2Conjugation efficiencies of the anti-HER2-conjugated O-succinyl chitosan pluronic NPs% of O-succinyl chitosan in the copolymerConjugation efficiency\
(%)Amount of anti-HER2\
(µg/mL)5%10%5%10%Anti-HER2-NPs58.70±1.2061.20±4.4214.67±0.3015.30±1.10Anti-HER2-DOX-NPs57.23±0.3860.66±0.7914.31±0.0915.17±0.20[^2]

Average size of the OCP copolymer NPs {#S0003-S2006}
-------------------------------------

The average diameters of the 5% and 10% OCP NPs were smaller than those of the anti-HER2-NPs (*P*\<0.05), as shown in [Table 3](#T0003){ref-type="table"}. This demonstrated that the conjugation of anti-HER2 to the carboxyl groups of the copolymer caused an increase in the micelle sizes. Interestingly, the average size of the 10% OCP NPs was larger than that of the 5% OCP copolymer NPs. This may be a result of a higher O-succinyl chitosan content in the 10% OCP copolymer leading to a larger outer shell. The size distribution of the copolymer NPs displayed the NPs with an average size of \<49 nm in diameter at 25°C. A narrow size distribution was observed in all cases, indicating uniform particle size distribution (refer to [Figure S4](#SF0004)).Table 3Average particle sizes of the NPs and anti-HER2-NPsNanoparticle types% of the O-succinyl chitosan in the copolymer5%10%Diameter (nm)NPs27.31±0.7834.92±1.80Anti-HER2-NPs34.92±1.8048.79±1.99[^3]

Evaluation of the in vitro DOX dissolution {#S0003-S2007}
------------------------------------------

The study of the in vitro DOX releases from DOX-NPs and anti-HER2-DOX-NPs was carried out in a PBS solution at pH 7.4, which represented the actual physical environment to understand the mechanism governing the process of the drug release, and at pH 5.0, which represented the acidic environment of the cancer cells. The amount of DOX released was presented as the cumulative percentage release at 37°C over a period of 22 days ([Figure 3](#F0003){ref-type="fig"}). At pH 7.4 ([Figure 3(b](#F0003){ref-type="fig"})), it was found that the DOX-NPs composed of 5% and 10% OCP copolymers exhibited similar release profiles with initial burst releases of up to 40% and 33%, respectively, in the first 24 hrs. This was followed by a sustained release of the encapsulated drug reaching 85% and 76% after 22 days, respectively. At the same condition, lower amounts of DOX were released from anti-HER2-DOX-NPs composed of 5% and 10% OCP copolymers (19.52% and 24.73%, respectively) in the first 24 hrs. As expected, the overall release of DOX was less than the anti-HER2-DOX-NPs. The conjugation of anti-HER2 on the OCP NP surface rendered slower drug release rates, which was possibly due to the steric hindrance of anti-HER2 on the NP structure. Fewer water molecules were able to reach the O-succinyl chitosan layer, resulting in slower degradation of chitosan and less DOX release from the NPs. At pH 5.0 ([Figure 3(A](#F0003){ref-type="fig"})), the release profiles of different types of NPs showed similar trends with those at pH 7.4, which exhibited initial burst releases in the first 24 hrs followed by a sustained release of the encapsulated drug reaching 93% and 98% following a 22-day immersion. These particles tend to release more DOX in an acidic condition, which was likely to be beneficial for cancer treatment.Figure 3DOX release profiles of DOX-NPs and anti-HER2-DOX-NPs in PBS at (**A**) pH 5.0 and (**B**) pH 7.4.**Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; HER2, human epidermal growth factor receptor 2.

Our result demonstrates that there were two phases in the DOX dissolution profile. First, an initial burst release of the DOX from the NPs took place in the first 24 hrs. This phenomenon may be attributable to DOX localized near the NP surface during the encapsulation process. In the next phase, a sustained release of the encapsulated DOX was shown after 24 hrs allowing for prolonged treatment. The sustained release was thought to be governed by two primary mechanisms, small-molecule diffusion and polymer degradation, which took place simultaneously.[@CIT0055],[@CIT0056]

Intracellular localization of the DOX-NP formulations {#S0003-S2008}
-----------------------------------------------------

The accumulation of DOX released from different NP formulations in human breast cancer, MCF-7, was investigated. This experiment was carried out at 37°C, which is equivalent to normal body temperature. The intracellular uptake of anti-HER2-DOX-NPs and DOX-NPs was compared to that of free DOX to provide insight into the mechanism of drug-encapsulated NP toxicity. [Figure 4](#F0004){ref-type="fig"} shows the cellular distribution of each type of NP and free DOX in the MCF-7 cells at 1, 3, 6, and 24 hrs of incubation at 37°C. The red fluorescence of DOX was observed in the MCF-7 cells incubated with free DOX as early as 1 hr following the incubation. The fast uptake of the free drug was possibly due to the diffusion of small drug molecules through the cell membrane. After 3 hrs of incubation, more DOX, as shown in red ﬂuorescence, from both DOX-NPs, and anti-HER2-DOX-NPs started to be localized in the cytoplasm and the nuclei of the cells. More intense red ﬂuorescence was displayed from the MCF-7 cells exposed to all types of drug formulations after 6 hrs. Unlike free DOX, the uptake of the large particles like DOX-NPs and anti-HER2-DOX-NPs could not be accomplished through passive diffusion. Previous reports have shown that NPs could be localized into the cells mediated by endocytosis,[@CIT0057] which normally took longer. Endocytosis can be categorized as either nonspecific endocytosis or receptor-mediated endocytosis.[@CIT0058]--[@CIT0060] It is believed that DOX-NPs were taken into the cells by an electrostatic interaction between the positively charged chitosan functional group and the negatively charged cell membrane. This mechanism was considered nonspecific. This result was consistent with the previous reports.[@CIT0061],[@CIT0062]Figure 4Intracellular distribution of doxorubicin, doxorubicin-encapsulated nanoparticles, and anti-HER2-conjugated doxorubicin-encapsulated nanoparticles after the predetermined time of drug exposure in the MCF 7 cell line at 37°C (Merge image). The bar represents 10 μm. (**A**) Free DOX. (**B**) DOX-NPs: 5% O-succinyl chitosan copolymer. (**C**) Anti-HER2-DOX-NPs: 5% O-succinyl chitosan copolymer. (**D**) DOX-NPs: 10% O-succinyl chitosan copolymer. (**E**) Anti-HER2-DOX-NPs: 10% O-succinyl chitosan copolymer.**Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; HER2, human epidermal growth factor receptor 2.

On the other hand, anti-HER2-DOX-NPs, which had anti-HER2 as a targeting moiety on the particles' outer shell, could be bound speciﬁcally to the HER2 receptors on the MCF-7 cells by means of a receptor-mediated endocytosis. As shown in [Figure 4](#F0004){ref-type="fig"}, more DOX was accumulated into the cells using the polymeric NPs with anti-HER2-targeting ligand, as compared to the NPs without the targeting ligand. The fluorescence intensities of the cells incubated with the DOX-NPs and anti-DOX-NPs were obviously different. This is possibly because the receptor-mediated endocytosis was shown to be more specific and efficient in delivering large molecules into the cells, resulting in a higher concentration of the drug at the target site.[@CIT0057],[@CIT0063]

To further prove that the transport of the anti-HER2-DOX-NPs occurred by means of the receptor-mediated endocytosis, an additional bioaccumulation study was conducted at 4°C. In general, low temperature (0--4°C) treatment inhibits the functions of the cell's receptors.[@CIT0064],65,[@CIT0066] If anti-HER2-DOX-NPs entered the cells by means of receptor-mediated endocytosis, a significant decrease in the uptake of the anti-HER2-DOX-NPs at 4°C would be observed. As shown in [Figure 5](#F0005){ref-type="fig"}, much less DOX was accumulated inside the MCF-7 cells when the cells were exposed to free DOX and DOX-NPs even after 24 hrs of incubation at 4°C. In addition, a longer incubation time was required to uptake these drug formulations. It is possible that the decrease of the uptake of free DOX, and the release of DOX from unconjugated NPs at a lower temperature was due to the increase in the level of the self-association of the DOX and aggregation at 4°C by the formation of the π-interaction[@CIT0057] In addition, according to the Stokes--Einstein equation, the diffusion coefficient of a compound strongly depends on temperature[@CIT0067] The diffusion coefficient of DOX at 4°C would be lower than that of 37°C, resulting in a lower passive diffusion through the cell membrane, hence, a lower DOX uptake.Figure 5Intracellular distribution of doxorubicin, doxorubicin-encapsulated nanoparticles, and anti-HER2-conjugated doxorubicin-encapsulated nanoparticles after the predetermined time of drug exposure in the MCF 7 cell line at 4°C (Merge image). The bar represents 10 μm. (**A**) Free DOX. (**B**) DOX-NPs: 5% O-succinyl chitosan copolymer. (**C**) Anti-HER2-DOX-NPs: 5% O-succinyl chitosan copolymer. (**D**) DOX-NPs: 10% O-succinyl chitosan copolymer. (**E**) Anti-HER2-DOX-NPs: 10% O-succinyl chitosan copolymer.**Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; HER2, human epidermal growth factor receptor 2.

Interestingly, no DOX was observed inside the cells exposed to the anti-HER2-DOX-NPs at 4°C. This indicated that the transport of DOX by means of HER2 receptor-mediated endocytosis was largely inhibited. The effect of the temperature on the binding of the ligand to the receptor as well as the lateral mobility of the ligand--receptor complex has been well documented[@CIT0057] The inhibition of the anti-HER2-DOX-NP uptake might have been caused by the low binding between the targeting ligand on the NPs and HER2 receptors on the cells at 4 °C. In addition, incubation at a low temperature reduced the membrane's fluidity, which could further restrict the movement of the ligand--receptor complex into the cells. Moreover, endocytosis, an energy-dependent mechanism, was inhibited at a low temperature[@CIT0068] These observations confirmed that endocytosis was the major pathway for the anti-HER2-DOX-NP uptake.

In vitro cytotoxicity of the unconjugated and ligand-conjugated NPs {#S0003-S2009}
-------------------------------------------------------------------

To ensure the safety of the NP formulations developed in this study for future therapeutic applications, the cytotoxicity of blank OCP NPs and the blank anti-HER2-NPs against the MCF-7 cells was assessed. Both NP formulations were shown to have minimal toxic effects and did not cause any cellular damage when used at a concentration \<1 mg/mL ([Figure 6](#F0006){ref-type="fig"}). It was noted that the viability of the cells treated with blank anti-HER2-NPs had a statistically significant decrease (*P*\<0.05) compared to the cells exposed to the unconjugated NPs at the same interval concentration (at a concentration \>0.001 mg/mL) because anti-HER2 could inhibit cell growth by inducing diminished receptor signaling pathways[@CIT0069] Anti-HER2 has been shown to block the shedding of the extracellular domain of the tyrosine kinase receptor of HER2 by inhibiting metalloproteinase activity resulting in possible cell damage.[@CIT0042],[@CIT0070]Figure 6The effect of blank 5% and 10% OCP nanoparticles and anti-HER2-conjugated nanoparticles on the cell viability of the MCF-7 cells based on the MTT assay (n=6 per group). The cells were treated with different concentrations of the particles (0.00001--10 mg/mL). \*, \*\* indicates a statistical difference from the blank nanoparticles (\*: 5% OCP and \*\* 10% OCP) at the same interval concentration, P\<0.05.**Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; HER2, human epidermal growth factor receptor 2; OCP, O-succinyl chitosan graft Pluronic^®^ F127.

When the cells were exposed to the NPs containing the DOX, the cell viability of the MCF-7 cells was clearly affected by the DOX content in the NP formulations (refer to [Figure S5](#SF0005)). The tumor cell numbers were markedly decreased as the equivalent drug concentrations increased. The differences in the numbers of the viable cells after treatment with unconjugated and conjugated NPs were more apparent at higher doses. When compared with all the NP formulations, the 10% OCP NPs conjugated with the anti-HER2 showed greater cytotoxicity toward the MCF-7 cells. This formulation could effectively reduce the number of viable cells, as compared to other formulations at the same DOX equivalent concentration. As shown in [Figure 7A](#F0007){ref-type="fig"}, the half maximal inhibitory concentration (IC~50~) of the 5% and 10% DOX-NPs against the MCF-7 cells was 405.73 and 205.90 ng/mL, respectively, which was about 1.66 and 3.26 times lower than that of free DOX (671.88 ng/mL). Interestingly, the IC~50~ values of the DOX-loaded 5% and 10% OCP NPs conjugated with the anti-HER2 were 186.01 and 14.74 ng/mL, respectively, which were approximately a 3.61-fold and 45.59-fold reduction of the IC~50~ of free DOX. Anti-HER2-DOX-NPs provided greater speciﬁcity to these cells than both the DOX-NPs and free DOX owing to the active targeting mechanism.[@CIT0071]--[@CIT0073] In addition, it is believed that the combination of the anti-HER2 and DOX caused a synergistic effect in the cytotoxicity test. The 10% anti-HER2-DOX-NPs were more toxic against the MCF-7 cells than the 5% anti-HER2-DOX-NPs due to the higher anti-HER2 content, leading to more specificity and more toxicity to the MCF-7 cells.Figure 7Cytotoxicity profiles of DOX-encapsulated 5% and 10% OCP nanoparticles and anti-HER2-conjugated nanoparticles against (**A**) the MCF-7 cells and (b) Vero cells.**Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; HER2, human epidermal growth factor receptor 2; OCP, O-succinyl chitosan graft Pluronic^®^ F127.

Furthermore, to evaluate the cytotoxic effect of these NP formulations toward healthy cells, the healthy cell model, Vero cell line, was exposed to the DOX-loaded OCP NPs with and without anti-HER2 conjugation. The IC~50~ concentrations of the DOX in various formulations against the Vero cells were significantly higher than those against the MCF-7 cells. This inferred that the healthy cells were less susceptible to the NP formulations containing DOX than the cancer cells ([Figure 7B](#F0007){ref-type="fig"}). Since the anti-HER2 receptors were not present on the Vero cells, the uptake of the NPs containing the DOX by means of the receptor-mediated endocytosis did not occur, inhibiting the internalization of the DOX NPs and the release of the anticancer drug. In addition, by encapsulating DOX inside the NPs, the polymeric NPs provided a protective layer to prevent the drug from freely diffusing into the cells. Hence, the IC~50~ values of all DOX NP formulations toward the healthy cells were higher than that of free DOX for healthy cells, thus indicating the lower toxicity of the anticancer drugs in the NP formulations for the normal cells.

To summarize, our results demonstrated that anti-HER2-DOX-NPs were shown to be beneficial in the treatment of cancer cells due to their ability to reduce the amount of DOX necessary for treatment. This is significantly important since DOX is cytotoxic to both cancer and normal cells when used in a free form; therefore, the reduction of the DOX doses helps lessen the damage to normal cells during the treatment process. Therefore, anti-HER2-DOX-NPs are promising as effective targeted drug carriers for cancer treatment because the carriers have been shown to selectively target cancer cells without damaging normal cells.

Conclusion {#S0004}
==========

In this study, OCP copolymers were self-assembled to form NPs having core-shell structures while encapsulating DOX in its hydrophobic core at a relatively high encapsulation efficiency. Afterward, anti-HER2 was conjugated onto the OCP copolymer NPs as the targeting moiety. The in vitro dissolution profiles of DOX from the DOX-NPs and anti-HER2-DOX-NPs displayed initial burst releases followed by sustained releases for 22 days at pH 7.4. We have also demonstrated that the uptake of the anti-HER2-NPs occurred through receptor-mediated endocytosis, which was believed to be more specific and efficient. The in vitro cytotoxicity study indicated a higher therapeutic efficacy of the NP formulations. The targeted anti-HER2-DOX-NPs were found to provide higher anticancer activity toward the HER2-overexpressing cancer cells than both the nontargeted DOX-NPs and free DOX while showing much less toxicity toward the normal cells. Hence, the novel anti-HER2-conjugated DOX encapsulated OCP copolymer NPs are a promising alternative DOX carrier for effective breast cancer treatment.
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Figure S1Calibration curve of DOX in PBS.**Abbrevations:** DOX, doxorubicin; PBS, phosphate buffer saline. Figure S2^1^H-NMR spectra of (**A**) chitosan, (**B**) O-succinyl-chitosan and (**C**) phthalimide chitosan. Figure S3Fourier-transform infrared spectroscopy spectra of (**A**) Pluronic^®^ F127, (**B**) Monocarboxy pluronic and (**C**) O-succinyl chitosan graft pluronic copolymer.

###### 

Intensity particle size distribution of 5% OCP copolymer (**A**) and 10% OCP copolymer nanoparticles (**B**) dispersed in distilled water (n=3). n: number of samples.

**Abbreviation:** OCP, O-succinyl chitosan graft Pluronic^®^ F127.

![](IJN_A_198552_O_SF0004g.jpg)

###### The cell viability of MCF-7 and Vero cells after exposure to various concentrations of doxorubicin for 3 days. The calculated IC~50~ of doxorubicin for MCF-7 and Vero cells are 672 and 758 ng/mL, respectively.
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[^1]: **Abbreviations:** DOX, doxorubicin; NPs, nanoparticles.

[^2]: **Abbreviations:** DOX, doxorubicin; NPs, nanoparticles; anti-HER2-NPs, anti-HER2-conjugated nanoparticles.

[^3]: **Abbreviations:** NPs, nanoparticles; anti-HER2-NPs, anti-HER2-conjugated nanoparticles.
